The computation of the scattering properties of cirrus cloud ice crystals by the ray-tracing approach is described. A light beam is represented by its Stokes quadrivector I, which describes intensity as well as polarization, and the scattering properties of particles ͑molecules, droplets, or ice crystals͒ are introduced by means of a 4 ϫ 4 transformation matrix M known as the Mueller matrix, or M matrix. Obtaining such a matrix for each kind of particle gives access to a complete description of the scattering medium. Most computations of the M matrices of cirrus ice crystals have introduced several simplifying hypotheses, by using basic shapes, by assuming a random orientation of the particles, or both. The present study focuses on the calculation of the complete M matrix for a specific shape of particles ͑i.e., hexagonally based crystals͒ either with optional oscillation about the horizontal plane or with random orientation. The validity of the computation code is checked against specific well-known cases for randomly oriented particles. For horizontally oscillating particles the computation of this matrix is a new result. Sensitivity of the M matrix to the following variables is studied: refractive index, amplitude of oscillation, particle shape and size, and angle of incidence.
Introduction
Cirrus clouds play a major role in the Earth's radiation budget. 1,2 Inasmuch as they permanently cover more than 30% of the Earth's surface, 3 they have a strong influence on weather and climate. However, quantification of their influence on the radiative budget is still uncertain, as their optical, radiative, and microphysical behaviors are poorly known, partly because of the difficulties encountered for in situ study. For a correct estimation of their effects on both global and local scales, a good description of their radiative behavior and more specifically of their microphysical properties ͑closely linked to their radiative effect͒ is essential. However, most of these clouds are composed of nonspherical ice crystals, which are difficult to model. An appropriate method of determining the scattering properties of such particles is the raytracing technique, based on the principles of geometrical optics. 4 -8 In this formalism, a light beam is represented by its Stokes quadrivector I, which describes intensity as well as polarization. The scattering properties of particles ͑molecules, droplets, and ice crystals͒ are introduced by means of a 4 ϫ 4 transformation matrix M known as the Mueller matrix, or M matrix. 9, 11 Obtaining such a matrix for ice particles gives access to a complete description of the scattering medium.
Most computations of the M matrix of ice crystals have introduced several simplifying hypotheses, by using basic shapes, by assuming a random orientation of the particles, or both. The present study focuses on the restitution of the complete M matrix for a specific shape of particles ͑i.e., hexagonally based crystals͒ randomly oriented in the horizontal plane, with a possible oscillation about the horizontal, by use of a model termed the scattering matrix for oriented crystals ͑SMOC͒.
In Section 2 we introduce the standard formalism dedicated to the description of the properties and propagation of light. A description of the scattering medium is presented in Section 3 before we focus in Section 4 on various light-crystal interactions. Results and a study of the M matrix's sensitivity to several input factors are presented in Section 5. Finally, an analysis is made in Section 6, a discussion in Section 7, and a conclusion in Section 8.
Formalism of Light Scattering
When one is considering a beam of monochromatic light with a direction of propagation s ͑unit vector͒, a reference plane can be defined as containing s and a second unit vector, l, orthogonal to s. The light beam's electric field can then be described by its two complex components, E L and E R , with r ϭ s ϫ l. However, it is easier to describe the light beam's intensity and polarization properties with its Stokes vector I, a function of E L and E R . 10 The choice of l and consequently the definition of the Stokes vector are arbitrary; a rotation of l about s to l of degrees changes I into I ϭ R͑͒I, where R is the rotation matrix.
At the same time, the optical properties of a particle can be described by a scattering cross section sca , an absorption cross section abs , and a 4 ϫ 4 scattering matrix M͓͑l, s͒ 3 ͑l*, s*͔͒ called a Mueller matrix or an M matrix. This matrix is hereafter written M to simplify the notation. The choice of l and l* is easily taken into account by application of rotation matrices to M. The M 11 element of the matrix, which describes the probability of scattering of unpolarized light in a given direction, is often called the phase function, normalized as ͐͐M͓͑l, s͒ 3 ͑l*, s*͔͒ds* ϭ 4.
Any incident beam with a Stokes vector I͑l, s͒ will then be scattered by a crystal into an angular distribution of vectors I*͑l*, s*͒ ϭ MI͑l, s͒. When this event occurs, a convenient choice of reference vectors l and l* is one that introduces simplification by taking advantage of symmetry in the structure of the M matrix, as follows:
For randomly oriented particles, both l and l* can be selected in the incidence plane containing s and s*:
The M matrix has a simple structure and furthermore depends only on the product s ⅐ s* ϭ cos͑⌰͒, with ⌰ as the scattering angle.
For horizontally oriented crystals, the most natural choice for the incidence reference plane is the vertical plane containing the incident direction s. Then, if l* is selected in the incidence plane, the M matrix presents many symmetries but now depends on the direction of s* described with two angles V and V ͑Subsection 4.D below͒ as well as on the incidence angle cos I ϭ s ⅐ k ͑with k the vertical axis͒.
Definition of the Scattering Medium

A. Model of Scattering Particles
When one is working with ray tracing, the main hypothesis is that between successive interactions the light beam is represented as a plane wave. 12 This assumption is valid only for size parameters ϭ 2r e ͞ Ͼ 60. 13 For light in the visible domain ͑0.4 m Յ Յ 0.8 m͒, this method is valid for particles bigger than r e ϭ 8 m. Ray tracing is therefore well suited to modeling the interaction between light in the visible domain and most ice particles found in cirrus clouds.
An almost infinite variety of particle shapes can be found in cirrus clouds. Advanced methods have been developed 7, 8 to take this shape variability into account. However, our goal in this paper is not to study every kind of particle shape but to focus on the effects of crystal orientation. Therefore we have used basic hexagonal plates ͑Fig. 1͒, as ice crystallizes naturally in a hexagonal form and several in situ measurements confirm the occurrence of this shape in such clouds. 14 -16 Pristine crystals can be defined by the shape ratio Q s ϭ L͞2R, with L the length of the crystal and R the length of a hexagonal side ͑Fig. 1͒. For the current study, values of Q s range from 0.1 ͑hexagonal plates͒ to 2.5 ͑hexagonally based columns͒. The complex refractive index for ice ͑for example, m ϭ 1.311 ϩ 3.11 ϫ 10
Ϫ9
i at ϭ 0.532 m͒ was given by Warren. 17 Because of its weak value in the visible, the imaginary component is neglected. Effects of birefringence are neglected too, as their influence on scattering function and polarization is negligible. 7 Moreover, it has been shown that approximately 40% of cirrus clouds could contain horizontally oriented ice crystals 18, 19 : Falling ice crystals often arrange themselves into a position with their long axes oriented perpendicularly to the direction of the fall, resulting in maximum air resistance. 20 -22 This phenomenon is accounted for by use of randomly oriented crystals in the horizontal plane ͑Subsection 3.B͒ to simulate oscillating crystals that fall horizontally aligned.
B. Coordinate Systems and Space Description
To compute the M matrix of a single crystal requires several geometric rotations ͑Section 2͒; thus several 
positioning parameters are needed. They are presented in Fig. 1 .
The system of laboratory coordinates R L indicates the real vertical direction k L . The horizontal plane ͑i L , j L ͒ of this coordinate system is the idle position of the crystal ͑with no oscillation͒. In this study, the incident beam is considered to come from below ͑Fig.
1͒.
In this coordinate system the position of the crystal is given by three angles: L , L , and ␣. L and L ͑elevation and azimuth, respectively͒ give the angle between the vertical direction k L and the normal to a hexagonal face of the crystal. To simulate limited oscillation about the horizontal plane, we take L as cos͑ max ͒ Ͻ cos͑ L ͒ Ͻ 1, whereas L is randomly taken as 0 -2. The last angle, ␣, gives the crystal rotation about the normal to a hexagonal face: the value ͓␣ ϩ n͑͞3͔͒ gives the orientation of the normal to the nth rectangular face relative to the x axis ͑0 Ͻ ␣ Ͻ 2͞6͒. For the special case of randomly oriented particles, max is taken as ͞2.
Light-Crystal Interactions
A. Initial Settings
A single light-crystal system is defined by a crystal position given by L , L , ␣ ͑Subsection 3.B͒, and a beam's initial direction in R L . To ensure that photons fully intercept the crystal, beam starting points are uniformly distributed on a disk orthogonally to the incident direction, with its diameter larger than the main diagonal of the crystal and a total surface S. These six parameters are produced by a generator of low-discrepancy Sobol sequences 23 in a hypercube ͓0,1͔
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, and they completely determine the geometric behavior of the subsequent reflected and transmitted partial beams. An initial unity M matrix M 0 is assigned to the incident beam.
B. Light-Crystal Interactions
Before calculation of the light's interaction with the crystal, a rotation matrix must be applied to the M matrix such that a reference plane ͑Section 2͒, including the normal vector to the crystal face, can be used. Interaction between the light beam and the crystal face gives rise to two new light beams, a reflected and a refracted beam ͑possibly null in the case of total reflection͒. Provided that the incident beam has already entered the crystal, the first beam stays inside the crystal, leading to new interactions, whereas the second beam leaves the crystal and is recorded as scattered light ͑Subsection 4.D below͒. During the simulation each beam carries its own M matrix, MЈ, which can be represented as resulting from the application of a matrix G to the incident beam's matrix M 0 . Elements of G are given by general Fresnel formulas that depend on the relevant interaction, reflection or refraction. 24 Total reflection is treated as a special case.
For a partial reflection interaction, 12% of the incident energy goes to the reflected beam and 88% to the transmitted beam. After five interactions of this kind, only 0.0025% of the original energy on average is left in the beam, and the ray tracing is stopped.
C. Special Interactions
Fraunhofer Diffraction
Fraunhofer diffraction is an important phenomenon for small angles of scattering ͑the diffracted energy represents half of the total scattered energy 7 ͒. For simplicity, P diff ͑͒, the diffraction pattern used, is similar to diffraction by a spherical particle and is given by the Fraunhofer approximation. It influences equally the four diagonal elements of the M matrix ͑M 11 , M 22 , M 33 , M 44 ͒. 25 
␦-Function Transmission
When light is scattered by polyhedral particles such as hexagonal ones, a great amount of energy is transmitted through the parallel faces of the crystal. The refracted beam is then collinear with the incident beam. This kind of interaction is treated separately, as it leads to a singularity with no angular width at ͑s, s*͒ ϭ 1 for the scattering matrix. Because of this null angular width, this interaction ͑known as the ␦-function transmission of Takano and Liou 7 ͒ plays no part in the normalization and therefore must be separated from the continuous angular scattering. It is characterized by a cross section ␦ and a diagonal M matrix M ␦ , which has no influence on beam direction but changes the polarization slightly. Nevertheless, it has to be computed, as it represents a large part of the emergent photons. A ␦-function transmission can also be distinguished for backscattering events ͑scattered beam following a path opposite the incident beam͒, although its intensity is less important.
To detect ␦-function transmission in the forward direction, the code checks whether successive faces encountered by the beam are parallel. In the backward direction the ␦-function transmission is treated as part of the angular scattering distribution. Mishchenko and Macke 26 have demonstrated that this interaction was the dominant element for transparent particles with large parallel planes. In the current study more than 75% of the scattered photons were part of the ␦ transmission ͑as much as 90% for small oscillations around the horizontal plane͒.
D. Scattered-Beam Recording
Each beam emerging from the crystal in a direction ͑ v , v ͒ carries its own M matrix M͑ v , v ͒, depending on the path followed by the photon within the crystal. Angles ͑ v , v ͒ are, respectively, the elevation and the azimuth angles defined in the laboratory reference ͑Subsection 3.B͒. As the waves scattered by the particles are incoherent, one can simply take the various orientations of the particles in space into account by adding the elements of the matrix obtained for each orientation. Coefficients of each of these matrices are added into angle-related bins to create the global M matrix of the crystal. Size bins are constant for each angle: ⌬ v ϭ 4.5°and ⌬ v ϭ 0.2°:
Bins are filled with respect to the exact v and v ͑a weighted interpolation is done to take into account the distance to the bin boundaries͒. When the number of photons N is high enough ͑typically N Ͼ 10 6 ͒, the global matrix is correct for any scattering angle.
The M total matrix is normalized such that ͐ space M 11 ͑⍀͒d⍀ ϭ 4 ͑with ⍀ the scattering solid angle͒, and the other elements are given as M ij ͞M 11 .
Results
A. Validation of the Computation Code: Application To Randomly Oriented Particles
As shown by Eq. ͑1͒, the ray-tracing code gives the M total M matrix for oscillating particles by adding single M matrices M i for fixed orientations uniformly distributed between 0 and max . The value max ϭ 90°corresponds to a random orientation of the crystal. In this configuration, as there is no preferential plane for the particle, M total does not depend on azimuth angle L . Therefore each matrix element needs only to be expressed as a function of the angle between the incident and the emergent beams ͑most-ly known as scattering angle ⌰͒. As there is no preferential orientation, the angle of incidence becomes irrelevant.
As an example, computation of this matrix, including diffraction and ␦-function transmission, is presented in Fig. 2 21 and M 34 ϭ ϪM 43 ͒. The general organization of such an M matrix can be given by a block-diagonal model:
Equation ͑2͒ confirms the validity of the current raytracing model, as such results are already well known and documented. 7, 8, 27, 28 In addition, this organization was predicted by van de Hulst, 10 considering the symmetry properties of the problem:
The hexagonally based particle shapes present at least one plane of symmetry, which leads to simplification of specific matrices inside the crystal.
The medium presents symmetry properties: As the particles are randomly oriented in space, each particle can find its own mirror particle relative to the incident beam. Inclusion of these mirror particles in the model leads to a matrix with some opposite values for the same incidence angle and in consequence to the values' being canceled when every single matrix is added ͓Eq. ͑1͔͒. 
B. Horizontally Oriented Particles
It is useful to use the randomly oriented particles to validate the SMOC, but, as we have already discussed ͑Subsection 3.A͒, horizontally oriented particles are also of strong interest. However, several new parameters need to be taken into account.
For horizontally oriented particles, the direction of incident light is important. Therefore, results must be given as a function of the two angles v and v , which permit a full description to be made of the scattering properties of the case studied. Representation of M is more complex: Each matrix element is separately represented on a color-scaled polar diagram ͑ v corresponds to the distance to center and v to the polar angle͒. The center of a diagram ͑ v ϭ 0°͒ corresponds to the laboratory upward vertical and the edge ͑ v ϭ 180°͒ to the downward vertical; and the light beam is arbitrarily chosen as coming from below the crystal ͑ v Ͼ 90°͒. It must be noted that ␦-function transmission ͑Subsection 4.C͒ cannot be accounted for in the resultant figure because of its null angular width. Figure 3 shows an example of this representation for I ϭ 40°, osc ϭ 5°, Q S ϭ 0.05, and m r ϭ 1.311. The diagrams have the following organization: nonzero values gathered in a circular shape centered about the main incidence angle I , with zeros filling the rest of the diagram. A striking feature is the symmetry property found in each of the M ij : Some parameters are symmetrical with respect to the plane that contains the incident beam and some are antisymmetrical with respect to the same plane. This property is also found in complementary figures. The general organization of the matrix is the following:
S S A A S S A A A A S S A A S S
with S denoting the symmetrical parameters and A the antisymmetrical parameters.
Analysis
A. Randomly Oriented Particles
Results for randomly oriented particles are already well documented ͑Subsection 5.A͒, so we describe only key features here.
͑1͒ Influence of Shape Ratio ͑Fig. 2͒
Effects of the variation of the shape ratios Q can be observed in Fig. 2 . The global level of each secondary peak on M ij is modified: the first halo ͑⌰ ϭ 22°͒, the secondary halo ͑⌰ ϭ 45°͒, etc.
͑2͒ Influence of Particle Size and Refractive Index
Complementary computations for various particle sizes and refractive indices show that the ray-tracing contribution is not influenced by particle size. However, particle size influences the Fraunhofer diffraction component of the scattering function: As can be seen in Subsection 4.D, the diffraction effect strongly depends on the particle equivalent radius. The forward peak of the scattering function will vary with particle size. The first element, M 11 , shows that a small variation of m r leads to a slight shift in the positions of the secondary peaks: Decreasing m r from 1.31 to 1.28, i.e., increasing the wavelength from 0.532 to 1.06 m, shifts the peaks to smaller scatter- ing angles. When m r is decreased even more, the secondary peaks are totally attenuated.
B. Horizontally Oriented Particles
Figures 3-7 show the behavior of M ij for horizontally oriented crystals with variations of several input parameters ͑shape factor Q S , incidence angle I , oscillation angle osc , refractive index, and particle size͒. The influence of these parameters is detailed below.
Influence of Oscillation Angle
The width of the main circular shape strongly depends on the value of osc : Nonzero coefficient values are closely clustered about I for small oscillations ͑Fig. 3͒ and spread across the entire diagram for stronger oscillations ͑Fig. 4͒. These configurations are clearly visible on the first coefficient, M 11 : The reflection and transmission spot sizes increase with the oscillation angle and at the same time become more blurred ͑in other words, the spot intensity decreases͒. However, the organization of the diagrams remains the same. Figures 4 and 5 show the evolution of the scattering matrix for variations of incidence angle I . The first coefficient, M 11 , shows a reflection spot ͑for v Ͼ 90°͒ and a transmission spot ͑for v Ͻ 90°͒. These spots are more distinct with small oscillations of the crystal ͑e.g., in Fig. 4͒ and correspond, respectively, to specular reflection and to direct transmission in the forward direction. The locations of these spots on the M 11 diagrams directly depends on the value of I . The evolution of these spots can be followed in Figs. 4 and 5.
Influence of Incidence Angle
For the other coefficients, the global behavior of the polar diagrams remains the same. However, as the main circular shape is centered about incidence angle I ; an increase of I is associated with an expansion of the diagrams toward higher values of v . More specifically, the corona seen in every nonzero M coefficient ͑except M 11 ͒ from 75°to 90°at i ϭ 20°͑Fig. 5͒ gets closer to the disk limit at I ϭ 40°͑Fig. 4͒ and disappears for complementary computations ͑ I ϭ 60°͒. 
Influence of the Shape Ratio
Increasing the Q S coefficient results in the expansion of a secondary corona at higher scattering angles for 90°Ͻ v Ͻ 270°and 0°Ͻ v Ͻ 90°͑see, for example, M 12 in Figs. 4 and 6͒. However, the main behavior of polar diagrams remains stable in terms of angle. For 90°Ͻ v Ͻ 180°the Q S effects are more subtle. For Q S ϭ 0.05 ͑Fig. 4͒, M ij oscillates between positive and negative values relative to v . Increasing the Q S coefficients results in lowering the frequencies of the fringes. ͑Figure 4 shows many fringes, whereas fewer are visible in Fig. 6 . Increasing Q S results in even fewer fringes.͒
Influence of Particle Size
As for random orientation ͑Subsection 6.A͒, particle size has no effect on the angular section of the scattering matrix. However, it has a strong effect on the Fraunhofer diffraction and therefore will influence the intensity of the forward peak ͑located in the figures at v ϭ I ͒.
Influence of the Refractive Index
Decreasing the refractive index ͑m r ϭ 1.02, ϭ 3 m͒ leads to a redistribution of the matrix elements: For example, Fig. 7 shows that the intensity of the M 13 element gets much stronger than in Fig. 4 , whereas the M 43 and M 34 elements seem to vanish. Others elements get smoother: For example, a variation observed for most elements at v ϳ 30°is no longer visible.
Discussion
The results presented in Sections 4 and 5 have shown the effects of several variables on the scatteringmatrix properties of both randomly and horizontally oriented ice crystals. Sensitivity to the following variables has been studied: ͑i͒ particle size ͑r e ͒; ͑ii͒ particle shape ratio Q S ; ͑iii͒ refractive index of the crystal m r , which depends slightly on wavelength for ice particles in the visible domain; ͑iv͒ incident angle of the light on the ice crystal ͑ I ͒; and ͑v͒ particle angle of oscillations about the horizontal position ͑ osc ͒. Among these five variables, only the first three are relevant for particles that are randomly oriented in space, whereas all of them affect the horizontally oriented ice crystals:
͑i͒ The particle size ͑r e ͒ plays the same role for both randomly and horizontally oriented particles: The width of the diffraction peak decreases as the particle size increases. At the same time, the intensity of the diffraction peak increases. As was mentioned in Subsection 4.C, the diffraction directly influences the diagonal elements of the scattering matrix and only indirectly ͑through the normalization͒ the nondiagonal elements.
͑ii͒ The ice crystal shape ratio ͑Q S ͒ strongly influences all the elements of the scattering matrix. For the randomly oriented particles as well as the horizontally oriented ones, the intensity and the width of the secondary peaks are directly linked to the shape ratio. This phenomenon can be explained by the fact that photons tend to pass through the lateral sides of the crystals as soon as these lateral faces are larger; i.e., Q S increases.
͑iii͒ The real part of the refractive index does not strongly vary for ice in the visible domain, and the imaginary part, which corresponds to the absorption within the ice crystals, is negligible. Even if this imaginary part varies with wavelength, it still remains low and thus does not strongly influence the scattering-matrix elements for both randomly and horizontally oriented ice crystals.
͑iv͒ The angle of incidence of the light on the ice crystals has an important relation to the scatteringmatrix elements of particles horizontally oriented in space, as it directly influences the positions of the main intensity peaks, such as the forward scattering peak, the specular reflection peak, and the ␦ peaks ͑transmitted and backscattered͒.
͑v͒ The angle of oscillation about the horizontal position has a nonnegligible influence on the elements of the scattering matrix for particles that are horizontally oriented, as it influences the widths of the scattering peaks. To summarize, the elements of the scattering matrix for randomly oriented ice crystals are dominated mostly by the shape ratio ͑Q S ͒, whereas those of the particles that are preferentially horizontally oriented are influenced by the incident angle of the light on the crystal ͑ I ͒ for the positions of the maxima and by the shape ratio ͑Q S ͒ and the oscillation angle ͑ osc ͒ successively for the widths and the intensities of the various scattering peaks.
A simple single scattering estimation can be made with which to evaluate the effects of particle orientation on cloud plane albedo. For incident light coming from above, integration of M 11 gives access to the downward-transmitted and upward-reflected fluxes.
The results of such calculations are listed in Table 1 . The reflection͞transmission ratio corresponds to single-scattering cloud albedo. It appears that the reflection͞transmission ratio has a maximum variation of 25%. It reaches a maximum for an oscillation angle near 45°. Therefore, occurrence of horizontally oriented particles in ice clouds would potentially increase the visible albedo of cirrus clouds at visible wavelengths.
Nousiainen and Muinonen 29 made the same kinds of simulation for oscillating raindrops. Computa- tions of the three-dimensional asymmetry factor g for oriented platelike crystals give values that are always superior to those of the same factor for raindrops. The angle of incidence seems also to have less influence on the g parameter than for raindrops. However, a comparison of oscillating raindrops and SMOC results has to be conducted with caution, as the physical frameworks ͑size range and shape͒ are completely different. The scattering function ͑M 11 ͒ depends strongly on the large variability of particle size, shape, and orientation in space. Those variations imply strong consequences for remote-sensing applications in cirrus clouds. Classic passive remote sensors in the visible domain measure radiances. Retrieval of clouds' radiative properties ͑such as a cloud's optical thickness͒ from the measured radiance often requires a hypothesis concerning the microphysical properties of the ice crystals. For example, a mistake with respect to the prescribed ice crystal type, corresponding to a prescribed M 11 , will lead to incorrect perception of the optical thickness. The amplitude of the mistake will depend on the viewing geometries of the observations and the given microphysical model. Nevertheless, as microphysical properties of natural cirrus vary strongly with latitude, humidity, temperature, and conditions of formation, the different models presented in this paper cannot pretend to cover the complete natural variations of the real scattering function ͑M11͒.
Moreover, the new generation of remote sensors such as lidars 30 and the POLDER ͑polarization and directionality of the Earth's reflectances͒ 31 instrument are able to measure the polarization characteristics of the light scattered by the ice crystals. A correct interpretation of those observations requires a complete description of the scattering properties of the crystals, i.e., the complete scattering matrix. For example, in the framework of a single-scattering approximation, the lidar depolarization ratio can be computed as a function of M 11 and M 22 and the POLDER's polarized radiance can be computed as a function of M 11 and M 12 . Hence in the future the scattering matrix computed in the current paper could be used in interpreting the polarized measurements for both randomly and horizontally oriented ice crystals. Nevertheless, a rigorous analysis of those observations requires taking into account multiple-scattering effects in cirrus clouds and hence requires the development of radiative transfer Monte Carlo codes that are able to compute polarization in anisotropic media with the single-scattering matrix used as an input.
Conclusions
The current study aims at computing the complete scattering matrix for hexagonal base particles randomly oriented in space or oscillating about the horizontal plane. The SMOC computation code is able to compute indifferently random or horizontal orientations. With this code the random orientation is considered a particular case of horizontal orientation with an oscillating angle of 90°. This code is based on separate computations of the following components: the geometrical optics with a particular treatment for contributions of refraction by two parallel faces of the crystal ͑Dirac peaks͒ in transmission and backscattering and ͑ii͒ the Fraunhofer diffraction.
We validated the code by computing the scattering matrix for particles randomly oriented in space, as those results are already well known and published. Based on this validation, we used the code to compute the scattering matrix for particles preferentially horizontally oriented in space. These scattering matrices are new results, which show that some of the elements of the scattering matrix exhibit some symmetrical and antisymmetrical properties with respect to the incident plane.
Finally a study of the sensitivity of the scattering matrix to the five following variables has been made: the refractive index, the particle size, the shape ratio, the angle of the incident light on the scatterer, and the oscillation angle about the horizontal plane. This study shows that, within the framework of validity of the geometrical-optics approximation, the scattering matrix is mostly sensitive to the particle shape ratio, to the angle of oscillation about the horizontal plane ͑for horizontally oriented particles͒ that governs the width of the scattering peaks, and to the angle of incidence of light onto the scatterer ͑for horizontally oriented particles͒ for the position of the scattering peaks. Moreover, the effect of horizontally oriented particles on a cloud plane albedo seems to be maximum ͑ϩ25%͒ for an oscillation angle of ϳ45°.
Our results can have a strong effect on remotesensing applications that use both intensity and polarization observations. The complete scattering matrices obtained in the research reported in this paper for oriented particles will be used in the future to facilitate a better understanding of the effects of the microphysical parameters of ice crystals on various remote-sensing records.
